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(57) Abstract 



A passively compensated optical fiber (20) includes an optical fiber and a support member (5) attached to the optical fiber at a first 
attachment point (2) and at a second attachment point (4). The distance between the first attachment point and the second attachment 
point increases with increasing temperature due to expansion of the support member. As temperature changes, support (5) expands, i.e., 
the distance between first point (2) and second point (4) increases. The expansion creates a strain which is transferred through adhesive 
(8) to cladding (40), core (30), and LPG (3 1). The strain transferred to the LPG (31) from the thermally expanding support (5) negates or 
compensates the central wavelength shift of the long-period grating (31) due to temperature. 
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PASSIVELY COMPENSATED OPTICAL FIBERS 
Background of the Invention 

5 The invention relates to optical fibers and long- 

period gratings. 

Optical fibers are used to guide light which 
might, typically, be an optical signal used in 
telecommunications. In general, an optical fiber 

10 includes an inner core and an outer clad having an 
index of refraction less than the inner core. The 
difference in the index of refraction creates internal 
reflections forcing the light to propagate along the 
inner core and preventing it from leaking out of the 

15 fiber. 

Some optical fibers include long-period 
gratings (LPG) . A long-period grating is formed by 
producing a series of perturbations in the index of 
refraction of the inner core. It is well known in the 

20 art how to produce optical fibers having long-period 
gratings, e.g., as described in U.S. Pat. No. 
5,430,817. In general, the' optical fibers are made 
: froiri high purity" Sid 2 6t other optical materials, e.g., 
:ge*rmanosilicate . ; The long-period gratings can be madfe; 

25 by first loading the fibers with hydrogen' or deuterium 
and then selectively exposing the core of an optical ',, 
fiber to ultra-violet light. Typically, the , '*•'<• 

perturbations are formed by exposing the core through 
the cladding to an intensity pattern that is produced 

30 by transmitting an ultra-violet beam directed through 
an amplitude mask.- The spacing of the perturbations 
creates a grating characterized by . a ' center wavelength 
at which light will no longer propagate through the 
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optical fiber. Long-period gratings with different 
perturbation spacings have different center 
.wavelengths. In. general, long-period gratings are 
those 7 in which the spacing of the perturbations is at 
■: 5 least 10 times larger than the wavelength of input 
. .light. Typically, the- period is in the range 15-1500 
lim for. center wavelengths between 700 and 1500- nra. In 
addition,- c long-period gratings can have a span of ' 
iperturbations-extending - f or " a few cm. 
10 i Bong^period^gjfatirigs-are^'used 'in optical fibers to 

filter^oat s el esc ted : Wavelengths from an optical signal, 
. e.g., like -a: notch filter i 'As "an optical signal 
, propagates through the -core and encounters a long- 
period grating, specific wavelengths of light, i.e., 
15 the center wavelength of the grating, are converted 

from a guided mode- -o_f? r'the^co^e to> a non-guided mode of 
the cladding. A guided mode propagates through the 
v.;- > core of -the optical f £be<r . A c ndn-guiided mode of the 

..cLadding dissipates -thr'dugh the cladding -and doeis not 
20 propagate through the optical*- fibe^V- -The center 

wavelength .conversion -frbm a guided "mddfe to a non- 
guided mode is- 'a- function "o'f the perturbation ^spacing 
and the difference in the " ef f e'ctiv^' J iridfeic of f ef rsiction 
" - between th^e guided arid 1 nori iJt gu£ded m&de'. - Topically, for 
25 a single mode optic a T l fiber, there is 6nly-ohe cdire 

guided mode, but- -several cladding non-raided modes. In 
-^addition, each nori- guided mode J of cladding is 4 
characterized by an unique effective index of 
refraction. -Therefore, -for- -a given perturbation 
30' spacing, there are several non-guided-' cladding modes, 
and thus, several" center wavelengths 'at which light is 
converted' from a guided mocle to non-guided modes. In 
addition, for a given : center wavelength; there are 
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several perturbation- spacings at which, light is 
converted from a guided mode to non-guided mode. 

Optical' fibers having long-period gratings are 
useful as amplified spontaneous emission (ASE.) . filters, 
5 erbium-doped fiber amplifier (EDFA) gain equalizers and 
sensors. The use of optical , fibers having long-period 
gratings continues to increase. : Long-period*gratings, 
however, are sensitive to^changes in. temperature L 
Typically, a central wavelength- of . 1550 ,nm- shifts by 2 
10 to 30 nm per 100 °C. change .-in temperature^ .It is 
important, for instance, in telecommunication 
applications; that the central .wavelength of the : long- 
period .grating -be .constant : over temperature ranges of 
100°C. . . .-j , u ri::.:^i . 

. Summarry of, the clnvention ; f 

In general,- in one aspect, the "invention, features 
a passively, coinpensated, optieal -f>fibe;r having .:an -optical 

20 fiber and a-support-memb.er The support member is 
attached to ,the optical fiber rat a-rfirs.t attachment 
point and a,t . a s.ecor.d attachment .-point . Th.e distance 

. ( between the,, first attachment point : an.d the second 

attachment point increases . with increasing temperature 

25 due to expansipn .of the support member-. 

The passively ir compensated optical fiber includes a 
stainless steei, aluminum, or, -chopper -support attached 
with an epoxy to the optical fiber at two points.. The 
epoxy can be ultra-violet -curable . . The passively 

30 compensated optical . fiber -also includes a coating, an 

outer core, and, -an inner ; co_r_e. . The inner core includes 
a long-period, grating between, the first attachment 
point and the second attachment, point -. 
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In another aspect, the invention features a method 
of fabricating a passively compensated optical fiber. 
The method includes identifying the strain' response and 
thermal response for a - long-period grating having a 
.5 -central wavelength, choosing a support member having a 
coefficient of linear expansion which compensates the 
optical fiber, and attaching the optical fiber to the 
.-support^member at a first attachment point and at a 
second . attachment /.point . 
10 o.-iin, another, aspect/ -the .invention features a method 

• of . -fabricating -a- passively compensated^ optical fiber. 
r .z The. method includes calculating an optical fiber design 
c ...for compensating-ian: optical fiber having a center 
wavelength and a substrate having a coefficient of 
15 thermal^ex^ansion^^^mamif actur.ing .an optical fiber 
having a long-period grating fabricated using the 
calculated -optical, ef iber design, -and attaching the 
• N .fabric at edi optical r rf ibex ttv a^ :su]5£>ort member at a first 
: attachment poant: and .at a second '^attachment point. 
20 : i In- .another aspect, the Invention! -features a method 

of ^compensating an cop tidal fibers- The method includes 
■-i providing an optical fibsr, ^t-taching ' the -opt ica"! fiber 
at a first attachment point ^and ^t 'a second attachment 
point; - and. increasing the distance between the first 
25 attachment point and the 'second attachment point in 
response to anr increase in tetnperatur'e. 

- Preferably,' the method of -compensation is done 
v passively.^: : 1 

The invention provides a passively compensated LPG 
30 device by attaching, an optical- fiber having a LPG to a 
thermally" expanding support. 
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Brief Description of the Drawing 

Fig. 1 » is a schematic view of a passively 
compensated long-period grating" device; - 
5 -. • Fig. 2:is a plot of rthe .transmission output signal 
of a passively compensated long-period - grating device 
at 25°C : and 10p°C; . : 

Fig. 3 is a plot. of -the center : wavelength "verses 
perturbation spacing for coupling 'between -a guided core 
10 mode and several / non-guic.ed cladding modes;- and 

Fig. 4 is. a plot, of . the -change in the effective 
index of refraction per change. in the- effective index 
of -.refraction . of Si0 2 , versus non-guided- cladding - mode . 

15 Description of the ^Preferred Embodiments 

. Referring) to Fig; .1, a '.pas si-very; -compensated; LPG 
device 10. includes;, an. op;ti*cali *.f iherlrZG having; a 'core 
30, a, cladding 4.0,/,/and - : a coating 50; ff or .protecting the 
20 , optical -fiber 20;. -Core 30 includes -a. long-period 
grating 31 having a .-plurality , of 'refractive index 
perturbations 32 .spaced along the: centrals axis of LPG 
,. device ;10 for a distance, D.. A\ section. 105 of the 
• coating. 50 surrounding rthe long-pericd grating* 31 is 
25 removed to expose the cladding* 40 . • The exposed 

cladding 40 is attached at a first. point 2. and at a 
second point 4- to _a support: -5 with an.: adhesive 8. 

As the temperature changes, the central wavelength 
of the LPG 31 shifts, e ~g._. , --to longer wavelengths . In 
30 LPG device A O, strain applied to the LPG 31 by the 
thermal expansion of supports shifts the central, 
wavelength in the opposite direction, e.g., to shorter 
wavelengths. Therefore, a shift in the central 
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wavelength due to temperature can be negated or- 
compensated by applying . strain, to LPG 31. As 
temperature changes, support 5 expands, i.e., the 
distance between first point.2 and second point 4 
5 increases. The expansion ; creates a strain which is 

transferred through adhesive 8 to cladding -40, core 30, 
-.and .LPG 31. The strain transferred to the LPG 31 from 
thp thermally .expanding support 5 negates or 
^compensates the central -wavelength shift' of the long- 
10 period, grating 32. due tc temperature. ■ " «. 
. 3i:r r _>,-rn The response, of the central wavelength to changes 
e , in temperature and -strain are used to determine -the 
amount of app] j^d strain .needed to compensate a-shift 
in the central wavelength. The affect of temperature 
15 and strain on the center wavelength is: 



20 



dT da 



(1) 



where dX/dT is the change in the central wavelength per 
change in temperature, referred to as the thermal 
coefficient, and where, , dX/de is the change in the 
central wavelength per change in strain, referred to as 
the strain coefficient. Ae is equal to the strain 
25 applied to the grating and AT is equal to the 

temperature change.. An optical fiber- with a ,.LPG has a 
positive thermal coefficient. An optical fiber with a 
LPG can have either a positive or negative strain 
coefficient. For passive compensation, the optical 
30 fiber with a LPG is designed such that the optical 
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fiber has a ; negative strain coefficient. The design of 
the optical fiber will be discussed in further detail 
below., All of the temperature effects (i.e., the 
change in the index of, refraction of the core and of 
5 the cladding as well as thermal expansion of the glass) 

are included in the temperature coefficient. 
■> . ■ Similarly,., all of the strain • effects (i.e./ the change 
in the index of refraction of the core avid' of the : 
- cladding as well as the change - in- the~ spacing of" the 
10 grating) are included in; the strain coefficient. '** 
The strain and ..temperature effects arti compensated 
when. : there is no change in . the -center 5 wavcl'efigth 1 / 1 i . e . , 
when dX = 0 . Rearranging 1 ' Eq. 1, compensation is 
■ achieved when- : '' ■ - 1 : *' r * 



dX dX 

AT ~ As 

dT ds 



(2) 



Eq. 2 is rearranged to yield: 

. ». .v;*. V: ' • r \ 

20 

dX /dT __ As Jqjjt 
; dXlde 7 AT " r . ■ > ' -~ 

(3) 

The ratio of the- thermal coefficient and the strain 
25 coefficient is negative because dX/de < 6. Thus, the 

left hand* side' of Eq. 3 is positive and is equal to the 
ratio of strain applied to the grating, Ae, per change 
in temperature, AT. The ratio Ae/AT is also equal to 
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the coefficient of .thermal expansion (CTE) of a 
material. Therefore, compensation occurs when an 
optical fiber.. with an LPG is attached to a support 
having 3 CTE equal to . the left, hand 'side of £q. 3. 
5, . Referring back to-jFig. 1, "a passively - compensated 

LPG device ,10 i6 manufactured from an optical fiber 20 
-having a 58 micron thick cladding 30 and a 9 micron 
thick core 40. The cladding is fabricated from Si0 2 and 
the core is fabricated from Si0 2 doped with Ge0 2 . The 
[. u> eff active index co.frrefr act ion of the core' is- 1.45 and 
ther effective -index o\f refraction of the cladding is 
? ; 1.444*6. Cor.e j45 includes :5a- LPG* 31- having a plurality of 
: ^refracti-ve in.dex,,. perturbations 32 spaced by, 70.5 
microns, alongn the rcentral ?afxis of "LPG device 10 for 
15 - 2.5 cm.-: A 45ntm sefctiori 105 ; :of coating 150 surrounding 

■ - LP^.r -31 is cremoyed..:;n The .thteistttai^aind -'"'strain coef f icients 
: of (.optical :f ^^iberl. 2 Q^/arev measured ^as' 0\ 048' nm/°C and 

-0>p028 nm/micr^ 'are used in Eq. 3 

. . , , to. .determine the CTE-cvHiue needed for compensation. 
20 ORtijC-al fiber 20 is rat^ached -at^ a ; first> point 2 10 mm 
• f romi ona end' of" LPG: 3.1 ' and at a second point i-0 mm from 
the 'other end of LPG : 31V' The ^fibe T r is attached with a 
. : < UV curable adhesive- &;, e'^^g . , - EMCAST -10 60A" f'r-bnf 
: , . ; Electronic Materials, j located itf Breckehridge, 
25 Colorado, to an aluminum support 5 having a GTE of 24 
. ; microstraia/°-G . Adhesive &, > typically, is attached to 
the ; /cladding 40^ of optical- fiber TOO approximately 10 
:.mm from, either end" :6f c : LPG 31 • " ' ~ : 

■ ■•; Referring to, Fig. 2/ the -center wavelength of 

30 , ; stabilized, LPG : device 10 is monitored as the ■■■ - 
temperature is^r. increased ' from 25°*G to 100°C. : The 
. change in center:. wavelength * per change -in temperature 
is measured as 0.0017 nm/°C. The stabilized LPG device 



BNSDOCID: <WO. „..9947955A1 .I. > 



WO 99/47955 PCT/US98/1 4340 



results ,in reduction, by a factor of 25, of the center 
wavelength s sensitivity to temperature changes.- 
The support is made of any -materi'al ; e.g., ' 
stainless steel, aluminum, or brass, having a' CTE which 
-.5 -satisfies Eq.. 3, for an optical fiber with- a LPG having 
measured coefficients of temperature and strain . ' The 
, range^ of CTE values, however;- is limited to the CTE 

values of known support materials. * Therefore, : a 
' support material having ;a CTE r equal to -the' 'ratit> of 
10 measured thermal and strain 'coef f icr.ents ^ fdr an optical 
fiber might not exists In this- case,- ^either the 
support ..having , the CTE which* best satisfies Eq. 3 is 
used or an optical fiber, .with a -JjFG. having a different 
perturbation spacing is .manufactured.' ; In general, 
15 .optical fibers manufactured' .with : smari-er perturbation 
, , spacing can be ■ compensated :hfy using .ex'istihg- ^support 
r materialsj. > . For .example 7 * assume c that; one' ^optical* fiber 
(Fiber .A) with,, a; ecentejr'wavel'engthP^D*" 1800 nm is'"* 
f abricated^with; a perturbation spacing o-f « 1 OO-^microns 
20 : and another ^optical fiber , (Fiber: B) wi-th a cefnter 

wavelength, of ■? -1800 nrn^ is /fabricated, .with a perturbation 
r • spacing of 300 microns. t Of .the" two* fibers, - : Fiber ' A is 
more-, likely to be compensated by using existing support 
material than is. Fiber B, because Fibet A. has a smaller 
25 perturbation spacing. : 

Whether one. can j compensate \an optical' fiber having 
a particular perturbation. spacing- and 'center I wavelength 
is calculable. The coefficients' of temperature and 
strain are, affected by the design of j -the optical fiber, 
30 e.g., geometry, materials, : and perturbation spacing . 
Compensation as defined- in Eq. 3:; is also related to 
the change ia the index of refraction ^of thecoptical 
fiber by: - : . . •. *"*. .. *; 
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dn 



SiO 



dT 



dn 



SiQ 2 



dkldL- 



5 where n S io2 is the index of refraction of fused , silica, 
dn S io2/dT ; is 6,7, X 10' 6 per °C, and dX/dL is the change 
in the center wavelength, per change in ..the perturbation 
spacing of the LPG. The CTE values of the support 
materials are known, e.g., stainless steel has a CTE 
10 value of 11' micros train/ °c.' The two remaining unknown 
quantities/ dn e ffciad/dn S i02 and dX/dL, are different for 
each non-guided cladding mode, but they are calculable. 
In addition, there are several non-guided modes for 
which a center wavelength is coupled from a guided 
15 mode. Therefore, the non-guided mode having a 
dn e ffciad/dn S io2 and dX/dL which comes closest to 
* satisfying Eq. 4, ; fora given center wavelength; is 
* chosen . - ■ - ~ 

The quantities dn effcIad /dn S io2 and dX/dL are 'calculated by 
20 solving an eigenvalue problem which takes into account 
9 the geometry of the fiber, the index of refraction of 
J the core, the index of Refraction of the "'cladding, and 
the index of refraction of bulk Si0 2 'l the process of 
s£tting~ 7 up : and solving eigenvalue calculations is 
25 similar to the processes described in setting up^ the 
equations .for fiber optic: modeling" and 1 in solving 
eigenvalue problems found in Monerie, IEEE Q? 
.. . Electronics CE-18, p. *535 (1982) , and in Snyder and 
•'r^Love, Optical 'Waveguide Theory . 
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Referring to Fig. 3, the results of the eigenvalue 
calculations can be used to .generate graphs of the 
center wavelength varsus perturbation spacing. Each 
solid line in the graph represents coupling between the 
5 guided core mode and a single non-guided cladding mode. 
The non-guided cladding modes are numbered in ascending 
order from right to left. The results of the 
eigenvalue calculation* also' can be used t6 determine 
the slope, dX/dL, for each non-guided cladding mode. 
As can be seen from the graph', the 1 lowest non-guided 
cladding modes have a positive slope, dX/dL>0. Many of 
the higher non-guided cladding modes, however, have a 
negative slope. The slope, d^/dL, is related to the 
LPG strain coefficient, dX/de,. by. Eq., 5: ^ . 

. _ : . : . ..dX/dE = !dVdL) : .,L . ; -: > 

Where L is the grating spacing at room- temperature, and 
20 also represents the change in the perturbation spacing 
per change in strain. Therefore, the strain 
coefficient is negative when the slope, dX/dL, is , 
negative. Thus, a LPG is designed to have., a negative 
strain coefficient by fabricating the. LPG such that the 
25 center wavelength . coupling occurs between a: guided core 
mode and an higher non-guided cladding„mode. having a 
negative slope, dX/dL<0. : - ^ - \ > 

.. In addition to the slope, each ^non-guided cladding 
mode also has a dn e f£ciad/dn S io2 value.. Referring to Fig. 
4, results from the eigenvalue ^problem are used to plot 
the dn ef f C i ad /dn S io2 value, versus non-guided cladding mode. 
Each non-guided cladding mode has a unique set of dX/dL 



15 



30 
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and dn e f fciad/dn S io2 values. Therefore, for a specific 
center ■ wavelength, ^ several non-guided cladding mode 
values are used in Eq. 4 to determine' which mode is 
most effectively compensated. 
5 . Note~ that in : the embodiments described above, the 

coating^of the ..optical fiber is removed to transfer 
strain directly frdm the thermally expanding support 
; through the claddings and : 'the > core to the LPG. A 
. ^passivelyecompensated^LPG' device can be made without 
10 removing the coating. The optical fiber with coating 
is attached to a support material. The CTE of the 
- support jmaterial-iheeded -for :passive cdmpensation is 
calculated by incorporating: ' the strain and thermal 
responses of the coating into Eq. 3. 
15 *■ •• Although; a ^a;s^fvel;y ^amperisated-LPG device is 

described abov^Man ^dpti^G^L' fiber having v a LPG also can 
be actively compensated. 
\r> ~ : Other ^emfoodirae"n"tS^^e> wi^ii-n" '•'■feh-e "scope of the 
following clafiitvs.. • ; - r ~ - • ? - ' 
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What is claimed -is: " 

A passively compensated optical fiber device 
(10) comprising: 

an optical fiber (20) ; and, 
5 i.a supportr member (5) lattached to. the optical 

fiber at a first attachment point (2y and at a :second 
attachment point (4), wherein the distance -between the 
first attachment point and the = second attachment point 
increases with increasing -itemperatur-e due to -expansion 
10 of the- support; member. - ■'-,--.> - • : ,>r ■*; ;■- 

2 . The- passively compensated ..optical f ibex oof 
claim 1,: wherein the ..support, is stainless . steel*. ■ j 



15 3^.. The .passively .compensated optical Ifiber of < 

claim 1, wherein the, .support 1 cis Laluittinuiti. ^ ...r >,'^ 

,4. v ,The ? passiv£:lry v compervsa£ed -.optical fiber of 
claim 1, wherein the support is copper. . >j 

20 

5. The passively compensated optical fiber of 
any of claims 1 to 4, wherein the support is attached 
to the optical fiber at two points with an epoxy. 

25 6. The passively compensated optical fiber of 

any of claims 1 to 5, wherein the epoxy is ultra-violet 
curable . 

7. The passively compensated optical fiber of 
30 any of claims 1 to 6, wherein the optical fiber includes 
a coating (50) . 
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8. The passively.- compensated, optical fiber of 
any of claims lr to 7, wherein the optical fiber 
includes an outer cladding. (40) and an inner core (30) 
having a long-period grating (31) . 

9. The passively compensated optical . fiber of 
claim 8, wherein the long-period grating is between the 
first attachment point and the second attachment point. 

JO. ( j - : , q 10 ? ;^ ; .A method of fabricating a passively 
v compensated optical ^ fiber comprising: :r 

identifying .the strain:. response and thermal 
response for a long-period grating having a central 
15 wavelength,. . •; n.'. i f c 5 

choosing .a ^support member having a 
coefficient of linear expansion which compensates the 
optical fiber, 

attaching the optical fiber to the support 
20 member at a first attachment point and at a second 
attachment point. 

11. A method of fabricating a passively 
compensated optical fiber comprising: 

25 

calculating an optical fiber design for 
compensating an optical fiber having a center 
wavelength and a substrate having a coefficient of 
thermal expansion, 
30 manufacturing an optical fiber having a long- 

period grating fabricated using the calculated optical 
fiber design, 
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attaching the fabricated optical fiber to a 
suppor.: member at a first attachment- point arid -at a 
second attachment point. 

5 12. A method of compensating an optical fiber 

comprising: 

providing an optical fiber, 
attaching the optical fiber at a first 
10 attachment point and at.a Second attaclanent 'point, and 
increasing the distance between che if irst 
attachment point and the second attachment point in 
. response to an -increase in temperature ; 

15 13. The method of claim 12, wherein .'the 

compensation, is rdone passively . ? a - o 
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